Charge accumulation at the organic heterointerfaces in multilayer organic light-emitting diodes (OLEDs) is an important process for understanding their device operation, efficiency, and degradation properties. Charge accumulation behavior has typically been analyzed in terms of the energy barrier and difference of the charge carrier mobility across heterointerfaces. In this study, we demonstrate that permanent dipole moments and their orientational order also play a significant role in the charge behavior at organic semiconductor interfaces. The charge accumulation properties of bilayer devices composed of polar or nonpolar molecules deposited on a 4,4'-bis[N-(1-naphthyl)-N-phenylamino] -biphenyl layer between the anode and cathode were examined by displacement current measurement and impedance spectroscopy. In addition, Kelvin probe measurements for the corresponding bilayer structures excluding the cathode were performed to analyze the relationship between the potential profile and charge accumulation properties of the bilayer devices. We found that several polar molecules including tris-(8-hydroxyquinolate) aluminum, 1,3,5-tris(1-phenyl-1 H-benzimidazol-2-yl) benzene, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), and 1,3-bis[2-(4-tert-butylphenyl)-1, 3,4-oxadiazo-5-yl]benzene (OXD-7) are spontaneously ordered in evaporated films, and orientation polarization remains in bilayer devices. Orientation polarization leads to interface charge which determines the least amount of accumulated charge in the device under operation. The estimated interface charge density for these molecules ranged from À2.3 (OXD-7) to À0.5 (BCP) mC/m 2 . Furthermore, impedance spectroscopy revealed that the presence of a permanent dipole moment can suppress the charge dispersion along the interface probably owing to the microscopic potential fluctuation formed in the vicinity of the interface. These results indicate that the permanent dipole moment and orientation polarization contribute to the efficient charge accumulation at organic heterointerfaces and are important parameters for understanding and controlling the charge carrier dynamics in multilayer OLEDs. V C 2012 American Institute of Physics.
Charge accumulation at the organic heterointerfaces in multilayer organic light-emitting diodes (OLEDs) is an important process for understanding their device operation, efficiency, and degradation properties. Charge accumulation behavior has typically been analyzed in terms of the energy barrier and difference of the charge carrier mobility across heterointerfaces. In this study, we demonstrate that permanent dipole moments and their orientational order also play a significant role in the charge behavior at organic semiconductor interfaces. The charge accumulation properties of bilayer devices composed of polar or nonpolar molecules deposited on a 4,4'-bis[N-(1-naphthyl)-N-phenylamino] -biphenyl layer between the anode and cathode were examined by displacement current measurement and impedance spectroscopy. In addition, Kelvin probe measurements for the corresponding bilayer structures excluding the cathode were performed to analyze the relationship between the potential profile and charge accumulation properties of the bilayer devices. We found that several polar molecules including tris-(8-hydroxyquinolate) aluminum, 1,3,5-tris(1-phenyl-1 H-benzimidazol-2-yl) benzene, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), and 1,3-bis[2-(4-tert-butylphenyl)-1, 3,4-oxadiazo-5-yl]benzene (OXD-7) are spontaneously ordered in evaporated films, and orientation polarization remains in bilayer devices. Orientation polarization leads to interface charge which determines the least amount of accumulated charge in the device under operation. The estimated interface charge density for these molecules ranged from À2.3 (OXD-7) to À0.5 (BCP) mC/m 2 . Furthermore, impedance spectroscopy revealed that the presence of a permanent dipole moment can suppress the charge dispersion along the interface probably owing to the microscopic potential fluctuation formed in the vicinity of the interface. These results indicate that the permanent dipole moment and orientation polarization contribute to the efficient charge accumulation at organic heterointerfaces and are important parameters for understanding and controlling the charge carrier dynamics in multilayer OLEDs. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4724349]
I. INTRODUCTION
Charge accumulation behavior at organic heterointerfaces in multilayer organic light-emitting diodes (OLEDs) has been extensively studied using various experimental methods and theoretical models, because understanding their behavior is essential for improving device performance. [1] [2] [3] [4] [5] [6] Accumulated charges can serve to tune the electric field distribution to achieve better charge balance. Moreover, accumulated charges in the emission layer of OLEDs increase the probability of exciton formation, thus, leading to better efficiency. 1, 2 However, in tris-(8-hydroxyquinolate) aluminum (Alq 3 )-based OLEDs, the charged molecules accumulated near the emission region can also act as exciton quenchers, 6, 7 and the presence of the Alq 3 and 4,4 0 -bis [N-(1-naphthyl)-N-phenylamino]-biphenyl (a-NPD) cation species is considered responsible for device degradation. 8, 9 Therefore, detailed understanding of charge accumulation behavior is required to develop highly efficient multilayer OLEDs with appropriately constructed interfaces.
Four elements related to charge accumulation in multilayer OLEDs should be considered: (i) energy barrier, (ii) mobility mismatch, (iii) charge recombination ratio, and (iv) space charge. 2, 10 Here, the space charge includes real and polarization charges. Polarization charges are typically induced by external electric fields and commonly appear as the dielectric constant in the device parameter. In addition, if a device contains polar molecules, contributions from their permanent dipole moments should be considered. In fact, numerous molecules used in organic semiconductor devices possess a permanent dipole moment, and the effects of the dipole moment have been studied in terms of the charge transport properties of amorphous films containing such polar molecules. The presence of dipolar disorder leads to lower carrier mobility in a film because dipole moments induce different local electric fields and thus increase the width of density of states. 11, 12 A similar effect has been a)
Electronic mail: y-noguchi@faculty.chiba-u.jp. reported in the transport properties of organic field effect transistors (OFETs), in which the dipolar disorder in the gate dielectric material results in lower charge carrier mobility of the adjacent organic semiconductor film. [13] [14] [15] In addition to these effects of individual dipole moments, contributions from their assembly, such as orientation polarization in a film, are essential for the comprehensive understanding of charge accumulation properties; however, compared to other parameters, they have not been studied sufficiently.
Recently, we proposed that interface charge in an Alq 3 -based OLED originates from the orientation polarization in the Alq 3 film. 16 Interface charge was first detected by Brüt-ting et al. at the a-NPD/Alq 3 interface in the bilayer OLED. 5, 17 They found that the hole injection voltage (V inj ) of these devices appears lower than the built-in voltage (V bi ), and it shifts to the negative side with increasing Alq 3 film thickness. This behavior is well explained by assuming a constant amount of negative fixed charge at the a-NPD/Alq 3 interface. Interface charge density (r int ) was estimated to be ca. À1.1 mC/m 2 . The interface charge defines the least amount of the accumulated charge in the operating device. This is because charge accumulation occurs at biases below V bi and the actual current starts flowing after the compensation of interface charge by accumulated charge. Moreover, Kondakov et al. have reported that the apparent r int decreases in proportion to the degradation of luminous efficiency. 18 However, the origin of the interface charge still needs to be clarified.
Ito et al. reported the formation of giant surface potential (GSP) in an Alq 3 film and its decay by light irradiation. 19 The surface potential of an Alq 3 film on a Au substrate shows linear growth with a slope of 50 mV/nm as the film thickness increases. The surface potential reaches 28 V at 560 nm but diminishes by light absorption of the Alq 3 film. Complementary studies using optical second harmonic generation (SHG) revealed that GSP originates from the spontaneous order of the permanent dipole moment of Alq 3 . 19, 20 These results indicate that the Alq 3 film has orientation polarization that induces a constant surface charge of 1.42 mC/m 2 on the film independent of its thickness. This value is similar to r int found at the a-NPD/Alq 3 interface in OLEDs, but the polarity is opposite. However, the same amount of negative charge should exist at the bottom side of the Alq 3 film, and this negative charge should appear at the a-NPD/Alq 3 interface in bilayer OLEDs, where Alq 3 is deposited on the a-NPD layer. Because of the light-induced decay property, it has been believed that GSP does not persist in the actual device. Furthermore, GSP has not been studied in terms of device properties; however, GSP can induce the interface charge, if the orientation polarization persists in the actual OLEDs.
GSP is not a unique property of Alq 3 films. It has been found in films of several compounds such as metal complexes, 21 1,3,5-tris(1-phenyl-1 H-benzimidazol-2-yl)benzene (TPBi), 22 and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP). 23 Furthermore, the presence of interface charge has also been suggested at the a-NPD/1,3-bis[2-(4-tertbutylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7) interface. 17 Kondakov et al. reported voltammetry data for several devices in which charge injection voltage appears at the reverse biasing voltages, suggesting the presence of interface charge. 24, 25 These studies imply that interface charge and GSP can exist even in common OLEDs; however, a direct comparison between interface charge and GSP has not yet been demonstrated. Clarifying the role of polarization charge for the charge accumulation properties of a device is essential for a more accurate understanding and control of device properties.
In this study, we performed displacement current measurements (DCMs) for bilayer devices consisting of a-NPD and several kinds of polar or nonpolar molecular layers, and Kelvin probe (KP) measurements for the corresponding bilayer structures for a quantitative comparison between interface charge density and GSP intensity. We found that films composed of polar molecules exhibit GSP behavior and interface charge appears in devices containing such films; however, neither GSP nor interface charge appears in devices with films composed of nonpolar molecules. These experimental results strongly suggest that orientation polarization induces interface charge in bilayer devices. In addition, we examined the charge behavior at the interface in bilayer devices using impedance spectroscopy (IS) and found that the presence of a permanent dipole moment in the vicinity of an organic heterointerface suppresses the charge spreading along the interface. This behavior can be explained by the microscopic potential fluctuation due to the dipole moment in the adjacent film. Our results clearly demonstrate that the permanent dipole moment of a molecule and its orientational order in the evaporated film are important factors for understanding and controlling the charge accumulation properties of a device.
II. METHODS
DCM is a type of capacitance-voltage (C-V) measurement that uses a triangular wave form as the applied voltage and measures both actual and displacement current responses (i act and i dis ). When the sweep rate of the applied triangular voltage (dV=dt) is sufficiently slow compared to the transient response of charges in the device (at the quasi-static limit), the measured current (i DCM ) can be expressed as in 10, 26 
where C app is the apparent capacitance of the device. C app directly provides information regarding the charge injection/ extraction and accumulation properties of a device. Figure  1 (a) shows a schematic illustration of a typical DCM curve for a bilayer device; for simplicity, the second layer (the cathode side) is assumed to be an insulator. A DCM curve has three states; depletion, intermediate, and accumulation. In the depletion state, no charge carriers exist in the device, and thus, the observed C app corresponds to the total capacitance of the device [ Fig The interface charge density of bilayer devices can be evaluated by the DCM technique. 27, 28 If negative interface charge exists in a bilayer device, hole injection occurs at biases lower than the threshold voltage of the actual current (V th ). In this bias range, the second layer acts as an insulator; in other words, no charges cross the interface. Therefore, the energy barrier and mobility mismatch at the interface are not responsible for the amount of accumulated charge. Hole injection starts at V inj and the injected holes penetrate into the first layer through the intermediate state. At V acc , the injected holes reach the heterointerface and accumulate until the negative interface charge has been compensated. 17 Thus, r int can be obtained as
Although quasi-static DCM is similar to conventional C-V measurement, DCM detects both injected and extracted charge carriers and hence can obtain the amount of trapped charge as well as polarization switching in a device. This is because the true current (not the root mean square) is measured as a function of time and applied voltage. The details of this technique are described elsewhere. 10, 26 In addition, we measured the surface potential of the bilayer structure by the KP method to examine the correlations between GSP and interface charge. The observation of GSP strongly suggests the presence of orientation polarization in the film and r int can also be evaluated from the thickness dependence of GSP. According to the principle of electric flux density continuity, the interface charge density between films 1 and 2 is given by
where n and U n (n ¼ 1; 2) are the dielectric constant and surface potential of the film n, respectively, and the x axis corresponds to the surface normal. Here, the real and polarization charges can be the origin of r int . Because GSP is proportional to film thickness, the product of the GSP slope and dielectric constant gives us interface charge density. The charge carrier behavior at organic heterointerfaces was examined using IS and analyzed by C-V and capacitance-frequency (C-f) curves. 29 In these measurements, an alternating voltage modulation (V AC e j2pft ) superimposed on a steady-state offset (V DC ) is applied to the device and the ac response including amplitude (i AC ) and phase shift (/) are measured with respect to the applied ac modulation. Because the equivalent circuit of OLEDs can typically be described as a parallel circuit of resistance and capacitance, the capacitance at a given V DC and f is derived as
where
The C-V (C-f) curves at a given f (V DC ) were measured by scanning V DC (f).
III. EXPERIMENTAL
For the DCM and IS measurements, we fabricated bilayer devices that had the structure of indium tin oxide (ITO)/ a-NPD/X/Al or Au [Figs. 2(a) and 2(b)], where X indicates polar (Alq 3 , TPBi, BCP, OXD-7) or nonpolar molecules [1,4- 
. The structure and basic properties of these molecules are summarized in Fig. 3 and Table I , respectively. The films in each device were successively formed through a conventional evaporation technique under a high vacuum condition at a base pressure of $ 10 À4 Pa. Note that samples were fabricated in the dark without ion gauge operation throughout the film deposition processes, because ambient light and ion gauge operation can change the electronic properties of the resultant device. 30 The samples were directly transferred to a glove box filled with nitrogen, and the electronic properties were measured in the glove box or a vacuum chamber. The measurement setups are shown in Figs. 2(a) and 2(b).
For the DCM measurements, we employed the FCE-1 measurement system for ferroelectrics (Toyo Corp.). All DCM curves shown in this paper were measured at a sufficiently low sweep rate (1 V/s) at room temperature. The surface potential of the films was measured under a high vacuum condition by the KP method (McAllister KP6500) using the work function of the ITO substrate as reference. The films were successively deposited on the ITO substrate and the surface potential was measured in situ at each step of the deposition. The experiment was performed in the dark without ion gauge operation to avoid altering the surface potential. The C-V and C-f curves were measured using a frequency response analyzer (Solartron SI 1260 impedance/gain-phase analyzer) combined with a dielectric interface (Solartron 1296) at temperatures of 200-350 K. For the C-V measurement, V DC was swept at fixed frequencies of 1-10 5 Hz, whereas for the C-f measurement, f was varied from 10 À2 to 10 7 Hz at a given V DC . V AC was set to 0.1 V for all measurements.
IV. RESULTS AND DISCUSSION
A. Interface charge and orientation polarization Figure 4 shows the typical surface potential of a-NPD and Alq 3 films as a function of film thickness. A clear GSP behavior with a slope of 48 mV/nm is observed for the Alq 3 film, indicating that the film has orientation polarization. The corresponding surface charge density is 1.36 mC/m 2 with a relative dielectric constant 3.2 estimated from capacitance measurement. A potential jump of about 0.2 eV is observed at the interface region (D in the bottom inset); this jump implies the presence of an interface dipole that results in a vacuum level shift. 31 Interestingly, the a-NPD film also shows weak GSP behavior ($5.3 mV/nm, top inset); thus, the total r int of the a-NPD/Alq 3 interface can be estimated as À1.2 mC/m 2 [Eq. (3)]. GSP behavior also appeared in the films composed of the other polar molecules including OXD-7, BCP, and TPBi (Fig. 5) . The largest GSP was observed in the OXD-7 film, i.e., 68 mV/nm corresponding to À1.6 mC/m 2 of r int ðGSPÞ. On the other hand, the surface potential of the films comprising the nonpolar molecules, UGH2 and CBP, does not show GSP, although it weakly depends on the film thickness probably owing to charge transfer from a-NPD. The results are summarized in Table I . Figure 6 (a) shows a typical DCM curve for the bilayer device, in which an Alq 3 film was used as the second layer. According to the observed DCM curve, the carrier behavior of this device can be explained as follows. The triangular bias sweep starts at À5 V. Around the start voltage, current density is maintained at a lower level ($0.026 lA/cm 2 ). C app corresponds to the total capacitance of the device in this bias region, indicating that the device is in the depletion state [(i) in Fig. 6(b) ]. Subsequently, the current increases at a voltage 
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of À1.25 V (V inj ) owing to hole injection from the ITO substrate. The current increases until the biasing voltage reaches À0.46 V (V acc ). At V acc , the a-NPD layer is expected to be in the flat-band condition, and thus, the potential due to interface charge builds up in the second layer [(ii) in Fig. 6(b) ]. The current again shows constant intensity at voltages lower than 1.9 V (V th ). C app in this bias region corresponds to the capacitance of the Alq 3 layer, indicating that hole accumulation occurs at the a-NPD/Alq 3 interface. V th corresponds to the threshold voltage of the actual current and it agrees well with V bi of the device (typically $1.9 V) estimated from the open-circuit voltage during intense white light irradiation. This indicates that when the accumulated holes compensate interface charge, the flat-band condition is achieved throughout the device and the actual current flows through the device [(iii) in Fig. 6(b Fig. 7(a) ], and it is independent of the a-NPD film thickness [ Fig. 7(b) ]. These results indicate that the Alq 3 layer acts as an insulator at the accumulation state, which shows that the charges injected from the ITO substrate are holes. In addition, V th is independent of the film thicknesses in all devices, whereas V acc shifts to the negative side with increasing Alq 3 film thickness, as previously reported. 17, 32 On the other hand, V acc is independent of the a-NPD film thickness. Here, V acc can be described as 
The GSP slope of the Alq 3 layer is then estimated to be 34 mV/nm; this value is similar to that obtained from the KP measurement. The GSP slope values of the a-NPD film and the relative dielectric constants used for the estimation are shown in Table I . Similar characteristics were observed in the DCM curves for all bilayer devices containing GSP films, i.e., films exhibiting GSP behavior; OXD-7, BCP, and TPBi (Fig. 8) . The linear dependence on film thickness indicates that GSP films induce a constant interface charge density independent of film thickness. Figure 9 (a) shows a typical DCM curve for a bilayer device with a nonpolar film as the second layer (ITO/a-NPD/ UGH2/Al device). V acc appears at about 1.6 V, but V th is unclear. Therefore, we derived i act and i dis from ði þ þ i À Þ=2 and ði þ À i À Þ=2, respectively. Here, i þ is the DCM current observed in the forward sweep (dV=dt > 0) and i À is that observed in the backward sweep (dV=dt < 0). Because i dis divided by the sweep rate corresponds to C app , the C app -V curve is finally obtained. Figure 9(b) shows the extracted C app -V and i act -V curves, where both V acc and V th are observed at 1.6 V, indicating no interface charge in the devices. We confirmed that for the CBP device, V acc corresponds to V th . Figure 10 compares the KP and DCM results. Figure  10 (a) plots the GSP slope in the second layer determined from the KP and DCM data. Here, the GSP slope obtained from DCM was estimated from Eq. (6). Figure 10(b) shows the relationship between r int (GSP) and r int (DCM). r int (GSP) was determined by Eq. (3). The parameters shown in Table I were used for the calculations. As shown in these figures, r int and GSP obtained from two different experiments seem to correlate well, and the data points are distributed around the line with a slope of 1. Thus, we conclude that interface charge and GSP can both be attributed to orientation polarization in the film. However, a quantitative disagreement still remains between the results of the KP measurement and DCM. For instance, the OXD-7 film shows a smaller GSP slope than that estimated from the DCM result. A possible reason for this disagreement is the underestimation of the orientation polarization in the KP measurement. Surface potential, especially GSP, is sensitive to temperature, ambient light, and substrate properties, rather than the interface charge observed in the The threshold voltage of the actual current V th is independent of the combinations of the film thickness, whereas V acc shifts to the negative side with increasing Alq 3 film thickness. Thus, the polarity of interface charge is negative. device (as discussed later). This is because GSP decays irreversibly owing to the presence of compensation charges originating from the electrode (as thermally injected carriers), the bulk of the film (as photoinduced carriers), and the environment. 19, 33 Thus, intrinsic orientation polarization can be larger than that estimated from GSP. In addition, the detailed conditions of the film deposition procedure may also affect orientation polarization in the resultant film. In the KP experiment, film deposition was interrupted for surface potential measurement at specific film thicknesses, whereas it was performed continuously for device fabrication. Although further analyses are required to quantitatively understand these results, they strongly suggest that GSP and interface charge originate from the orientation polarization and can be produced in common organic semiconductor films with polar molecules. GSP of Alq 3 films and its decay have been mainly investigated by the KP and SHG techniques. 19, 20, [33] [34] [35] [36] For the photoinduced decay of GSP, two possible mechanisms have been proposed; one is the photoinduced disorder of the dipole moments and the other is compensation of the polarization charge on the surface by the counter charge of photogenerated carriers in the film. Previous studies have not sufficiently clarified the mechanism, mainly owing to the experimental difficulties of this system, for example, the small order parameter even at the initial state (typically hcoshi $ 0:05, indicating almost random but slightly ordered on average, where h is the tilt angle of the dipole moment with respect to the surface normal) and the irreversible decay of GSP caused by light irradiation and thermal fluctuations. However, our experimental results strongly support the conclusion that the generation of compensation charge is the origin of the photoinduced decay of GSP. If the photoinduced disorder is the dominant mechanism, the film loses orientation polarization and interface charge in the bilayer device should disappear. In the case of compensation charge, orientation polarization and interface charge remains in the device and the counter charge can be removed by applying an external electric field. We have confirmed that the interface charge density persists even after intense white light irradiation. Thus, we expect that the DCM technique can evaluate the intrinsic interface charge density, and this technique can be a powerful tool to investigate the orientation polarization properties of organic semiconductor films.
The mechanisms of spontaneous ordering in the evaporated film of polar molecules still need to be clarified; however, the correlations between Coulomb interactions and the molecular packing should be responsible for the structure of the resultant film. 11 Here, as the simplest case, we consider the interaction between two identical molecules with a permanent dipole moment of p in a parallel configuration. The potential energy of these two dipoles (V "" ) is given by
where r is the distance between two molecules and cosb ¼ p Ár=jpj.r is the unit vector pointing from a reference molecule to the other molecule. Similarly, the potential of the antiparallel configuration can be obtained as V "# ¼ ÀV "" . For ). It should be noted that the parallel configuration takes lower energy on average compared with the antiparallel configuration. On the other hand, the thermal energy and the potential energy of these two configurations are comparable. This implies that the molecular dipoles can form mostly random but slightly ordered configuration in the film phase. Here, we define the molecular dependent term B. Charge spreading along the interface Figure 11 (a) shows typical C-V curves for bilayer devices with BCP and UGH2 films used as the second layer. Because the top electrode of these devices was Au, they operated as hole-only devices. At the a-NPD/BCP interface, V acc appears at a negative bias of À0.2 V owing to the presence of negative interface charge, and then, the capacitance increases to a constant value corresponding to hole accumulation. The C-V curve for the UGH2 device shows different behavior. Because the GSP does not build up in the UGH2 film, there is no interface charge in the device and V acc appears at a positive bias of 1.8 V. Then, capacitance increases and remains constant for a short voltage range, 1.8-2.2 V, but gradually increases again at higher applied voltages. Similar behavior was observed in the C-V curve for the CBP device, but not in the devices containing polar molecules, e.g., BCP, Alq 3 , and OXD-7. Figure 11 (b) shows the C-f curves for the BCP and UGH2 devices at V DC before and after hole injection. The capacitance drop at frequencies higher than 10 6 Hz is an artifact. In this frequency region, the signal from the test device is hidden by a parasitic impedance originating from the measurement system. Two constant capacitances appear in the C-f curve for the BCP device at a V DC of 2 V. The high (1.7 nF) and low (0.8 nF) capacitances correspond to those of the BCP layer and the entire device with an active area of 4 mm 2 , i.e., the cross-bar area, respectively. Because the holes in the device cannot respond to the applied ac modulation at high frequencies, the entire device acts as a capacitor. At frequencies of about 10 0 -10 4 Hz, the hole movement in the a-NPD layer can sufficiently follow the ac modulation and only the BCP layer remains as the dielectric layer. Therefore, the transition frequency, where the capacitance changes from a low state to a high state, depends on the conductance of the a-NPD film. On the other hand, the capacitance of the UGH2 device at the accumulation region (V DC ¼ 2 V) increases rapidly at low frequencies (< 10 2 Hz). The observed capacitance curves for the BCP and UGH2 devices. V DC was À2 and 2 V for the BCP device and 0 and 2 V for the UGH2 device (corresponding to before and after hole injection, respectively). The measurement temperature was 300 K for both devices.
is much higher than that expected from the device geometry. This capacitance inflation also occurred in the BCP device at high temperatures (not shown), though the observed frequency is much lower than that in the UGH2 device. In addition, we measured the C-V and C-f curves for the bilayer devices containing CBP, Alq 3 , and OXD-7 films and found that the capacitance inflation in the nonpolar devices (CBP, UGH2) appeared at higher frequencies than that in the polar devices (BCP, Alq 3 , OXD-7). Capacitance inflation is likely to occur in bilayer devices with nonpolar molecules. As shown in Fig. 11(b) , the C-f curve at a bias below the hole injection voltage (À2 V for the BCP device and 0 V for the UGH2 device) is almost independent of frequency, indicating that hole injection is necessary for capacitance inflation. Thus, we can eliminate dielectric dispersion as the origin of this phenomenon. Here, two other possibilities should be considered; one is the decrease in the effective thickness of the dielectric layer, and the other is the expansion of the area that acts as a capacitor. The former case requires the presence of thermally activated or injected mobile charges in the bulk region of the second layer. If thermally activated carriers from the unintended dopant existed in our devices, capacitance change should be observed independent of hole injection. Moreover, from the KP measurements, the UGH2 and CBP films do not show a significant band bending even at the interface, suggesting that there are no thermally activated carriers in the films. On the other hand, a very large energy barrier is formed at the a-NPD/UGH2 interface ($2 eV, Table I ). Because the height of this energy barrier is the largest among the interfaces used in this study, compared to the other interfaces, hole injection beyond this interface is unlikely to occur. Accordingly, the decrease in the dielectric thickness of the second layer also cannot explain our experimental results.
Because our device structure was a cross-bar type in which the deposition area of the organic films (144 mm 2 ) is much larger than the cross-bar area (4 mm 2 ), there is enough space for the accumulated charge carriers to spread along the organic heterointerface. The spreading of the charge carrier makes the interface conductive, and as a result, large capacitance formed between the carrier sheet and top stripe electrode is observed [ Fig. 12(a) ]. Because the amount of accumulation charge at the interface increases with applied voltage, higher applied voltage enhances the interface conductivity. Therefore, the capacitance grows with applied voltage as shown in the C-V curve of the UGH2 device [ Fig. 11(a) ]. On the other hand, capacitance inflation is not significant in the DCM curve for the UGH2 device [ Fig. 9(b) ]. In this device, an island-type top electrode was used. The capacitance in the accumulation state is determined by the top electrode area, regardless of the spreading of the accumulated holes at the interface. According to the above discussion, the results of the C-V and C-f curves suggest that the conductance of holes along the heterointerface in the nonpolar devices is higher than that in the polar devices, although intrinsic conductance should be the same in all bilayer devices. This is because the accumulated charge carriers are expected to be in the a-NPD side owing to the energy barrier at the interface. A possible origin of the difference in conductance is a local electric field formed by the permanent dipole moment in the vicinity of the interface, leading to a microscopic potential fluctuation [ Fig. 12(b) ]. Similar behavior has been reported as the gate dielectric dependence of charge mobility in OFETs, in which the dipolar disorder in the gate dielectric layer results in lower mobility. [13] [14] [15] Note that as there is a small difference in the dielectric constant and its frequency dependence among the films, the observed phenomena should not be primarily attributed to the Fröhlich polaron. 38 
V. CONCLUSION
We demonstrate that the permanent dipole moment of a molecule and its orientational order play a significant role in the charge behavior at an organic heterointerface. DCM of bilayer devices consisting of a-NPD films and several kinds of the other layer of polar or nonpolar molecular layers was conducted and the interface charge density, which appeared only in the device with polar molecules, was estimated. In addition, from the KP measurements of the corresponding bilayer structures, we found that GSP appeared in the films with polar molecules deposited on the a-NPD film, indicating the orientational order of the permanent dipole moment in the resultant films. Higher interface charge density was found in the device containing the film with higher GSP. Although a quantitative disagreement still remains, our results strongly suggest that orientation polarization leads to interface charge in the actual devices. In addition, the C-V and C-f curves for the bilayer devices showed significant capacitance inflation if nonpolar molecules were used as the second layer. These results can be explained in terms of the dipolar disorder model: the presence of a permanent dipole moment results in microscopic potential fluctuation in the vicinity of the interface and suppresses the conductance of the accumulated holes along the interface in the adjacent layer.
As many organic semiconductor molecules possess permanent dipole moments, GSP and interface charge can more or less exist even in common organic semiconductor devices such as OLEDs. Interface charge is an important parameter, because it determines the least amount of accumulated charge in the operating device, which strongly relates to device efficiency and degradation. Moreover, the presence of a permanent dipole moment can suppress the charge spreading along organic heterointerfaces; thus, making an interface with polar molecules may lead to an efficient charge recombination and avoid cross-talk between neighboring pixels. Our results clearly demonstrate that the permanent dipole moment of the molecule and its orientational order in the evaporated film are important factors for understanding the charge accumulation properties of a device.
